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Cellular/Molecular

Effects of Sleep and Wake on Oligodendrocytes and Their
Precursors

Michele Bellesi,! Martha Pfister-Genskow,' Stephanie Maret,' Sunduz Keles,? Giulio Tononi,' and Chiara Cirelli'
Departments of 'Psychiatry and 2Biostatistics and Medical Informatics, University of Wisconsin-Madison, Madison, Wisconsin 53719

Previous studies of differential gene expression in sleep and wake pooled transcripts from all brain cells and showed that several genes
expressed at higher levels during sleep are involved in the synthesis/maintenance of membranes in general and of myelin in particular, a
surprising finding given the reported slow turnover of many myelin components. Other studies showed that oligodendrocyte precursor
cells (OPCs) are responsible for the formation of new myelin in both the injured and the normal adult brain, and that glutamate released
from neurons, via neuron-OPC synapses, can inhibit OPC proliferation and affect their differentiation into myelin-forming oligoden-
drocytes. Because glutamatergic transmission is higher in wake than in sleep, we asked whether sleep and wake can affect oligodendro-
cytes and OPCs. Using the translating ribosome affinity purification technology combined with microarray analysis in mice, we obtained
a genome-wide profiling of oligodendrocytes after sleep, spontaneous wake, and forced wake (acute sleep deprivation). We found that
hundreds of transcripts being translated in oligodendrocytes are differentially expressed in sleep and wake: genes involved in phospho-
lipid synthesis and myelination or promoting OPC proliferation are transcribed preferentially during sleep, while genes implicated in
apoptosis, cellular stress response, and OPC differentiation are enriched in wake. We then confirmed through BrdU and other experi-
ments that OPC proliferation doubles during sleep and positively correlates with time spent in REM sleep, whereas OPC differentiation is
higher during wake. Thus, OPC proliferation and differentiation are not perfectly matched at any given circadian time but preferentially

occur during sleep and wake, respectively.

Introduction

Brain gene expression changes significantly between sleep and
wake, and wake-related and sleep-related mRNAs belong to dif-
ferent functional categories (Cirelli, 2009). Several transcripts ex-
pressed at higher levels during sleep are involved in the synthesis/
maintenance of membranes in general and of myelin in particular
(Cirelli et al., 2004; Mongrain et al., 2010). These results are sur-
prising because they were based on comparisons between animals
that had been asleep or awake for a few hours, whereas the turn-
over of most myelin components is reported to occur across
many days (Baumann and Pham-Dinh, 2001). However, those
studies had limitations because they pooled transcripts from all
brain cells, whereas in situ hybridization experiments suggest that
the effects of sleep and wake can vary significantly depending on
cell type (Thompson et al., 2010). Another limitation was the
exclusive focus on mRNA levels, which are not always predictive
of protein levels (Waters et al., 2006; Bitton et al., 2008). Proteins,
not DNA or RNA, carry out most cellular functions, but pro-
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teomic analysis remains challenging (Naidoo, 2011), and only a
few brain proteins modulated by sleep and wake have been iden-
tified (Cirelli et al., 2009).

Oligodendrocyte precursor cells (OPCs) have intriguing
properties (Nishiyama et al., 2009; Mangin and Gallo, 2011;
Richardson et al., 2011). They are abundant both in the develop-
ing and mature CNS (Rivers et al., 2008), and mediate myelin
formation in response to injury and in the normal brain (Polito
and Reynolds, 2005; Rivers et al., 2008; Richardson et al., 2011).
Importantly, glutamate release from neurons generates AMPA-
mediated excitatory currents in OPCs and inhibits their prolifer-
ation in a dose-dependent manner, suggesting that neuronal
activity can affect myelination and possibly other still unknown
functions of OPCs (Nishiyama et al., 2009; Mangin and Gallo,
2011; Richardson et al., 2011). We recently showed that cortical
extracellular glutamate levels increase during wake and decline
during most of sleep (Dash et al., 2009), and the expression of
synaptic-enriched GluR1-containing AMPA receptors (Vyazovs-
kiy et al., 2008) and their currents (Lante et al., 2011) increases
during wake and decreases during sleep. However, whether
sleep and wake can affect the number and turnover of OPCs is
unknown.

Here we used the translating ribosome affinity purification
(TRAP) technology combined with microarray analysis to obtain
a genome-wide mRNA profiling of oligodendrocytes as a func-
tion of sleep, wake, and acute sleep deprivation. The TRAP meth-
odology involves cell-specific expression of an eGFP-L10a
ribosomal transgene to tag polysomes and immunoaffinity purify
mRNAs. Thus, in addition to targeting specific cell groups, this
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method isolates mRNAs attached to ribosomes, providing an al-
most “translational” view of cellular function (Doyle et al., 2008).
We find that the expression of hundreds of transcripts translated
in oligodendrocytes changes because of sleep and wake, and
many wake-related and sleep-related genes have complementary
or opposite functions. We also find that some differentially ex-
pressed genes are enriched in premature oligodendrocytes, and
we provide direct evidence that the proliferation of OPCs is neg-
atively impacted by wake but doubles during sleep whereas their
differentiation is enhanced by wake.

Materials and Methods

Animals. Adult (9-10 weeks old, of either sex) heterozygous 2',3"-cyclic-
nucleotide 3'-phosphodiesterase (CNP)-eGFP-L10a bacterial artificial
chromosome (BAC) transgenic mice and wild-type littermates were used
in this study. Heterozygous offspring were obtained from homozy-
gous CNP-eGFP BAC transgenic mice bred with C57BL/6 wild-type
mice. All animal procedures followed the National Institutes of
Health Guide for the Care and Use of Laboratory Animals, and facil-
ities were reviewed and approved by the Institutional Animal Care
and Use Committee of the University of Wisconsin-Madison, and
were inspected and accredited by Association for Assessment and
Accreditation of Laboratory Animal Care.

EEG recordings. Under deep isoflurane anesthesia (1-1.5% volume),
mice (n = 5) were implanted bilaterally for chronic EEG recordings with
epidural screw electrodes over the frontal (from bregma: anteroposte-
rior, +1 mm, mediolateral, +1 mm) and parietal cortex (anteroposte-
rior, —2 mm; mediolateral, +2 mm) and cerebellum (reference electrode
and ground). Electrodes were fixed to the skull with dental cement. Two
stainless steel wires (diameter 0.4 mm) were inserted into neck muscles to
record the EMG. After surgery, mice were housed individually in trans-
parent Plexiglas cages (36.5 X 25 X 46 cm) and kept in soundproof
recording boxes for the duration of the experiment. Light and tempera-
ture were kept constant (LD 12:12, light on at 8:00 A.M., 23 = 1°C; food
and water were available ad libitum and replaced daily at 8:00 A.M.).
Approximately 7 d were allowed for recovery after surgery, and record-
ings were started only after the sleep-wake cycle had completely normal-
ized. Mice were connected by a flexible cable to a commutator (Airflyte)
and recorded continuously for 2 weeks using a Grass mod 8 polygraph
(Grass Instruments). EEG and EMG signals were amplified and filtered
as follows: EEG, high-pass filter at 0.1 Hz, low-pass filter at 35 Hz; EMG,
high-pass filter at 10 Hz, low-pass filter at 100 Hz. All signals were digi-
talized at 128 Hz and stored on a computer. EEG power spectra were
computed by a fast Fourier transform routine for 4 s epochs (0.25 Hz
resolution). Wake, nonrapid eye movement (NREM) sleep, and REM
sleep were manually scored off-line (SleepSign, Kissei Comtec) in 4 s
epochs according to standard criteria. Epochs containing artifacts, pre-
dominantly during active wake, were excluded from spectral analysis.
Vigilance state could always be determined. Sleep deprivation began at
light onset and was performed for 4 h by exposing the animals to a variety
of novel objects, by transferring bedding material between cages, and by
tapping on the cage whenever the mice appeared inactive and slow waves
became evident on real-time EEG monitoring. Mice were never dis-
turbed when they were spontaneously awake, feeding, or drinking.

Video monitoring of sleep/wake. Video recordings were performed con-
tinuously with infrared cameras (OptiView Technologies), stored in real
time (AVerMedia Technologies), and used to determine the behavioral
state of mice used for TRAP/array, immunocytochemistry, and Western
blot analysis, to avoid risks of tissue lesion and inflammation resulting
from the implant of EEG electrodes. We previously demonstrated that,
although video monitoring cannot distinguish NREM sleep from REM
sleep, it consistently estimates total sleep time with =90% accuracy (Ma-
ret et al., 2011). Motor activity was quantified by custom-made video-
based motion detection algorithms with a time resolution of 1 s
(MATLAB, MathWorks). The program detected animal motion every
second within a previously set monitored area (corresponding to the cage
area), by calculating the numbers of pixels whose intensity changed over
time. Mice were collected only if they met stringent criteria for sleep/
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wake: awake mice were killed during the dark period (at ~3-5:00 A.M.)
at the end of a long period of wake (>1 h, interrupted by periods of sleep
of <5 min), and after spending at least 70% of the previous 67 h awake.
Sleeping mice were killed during the light phase (at ~3:00-5:00 P.M.), at
the end of a long period of sleep (>45 min, interrupted by periods of
wake of <4 min), and after spending at least 75% of the previous 6—7 h
asleep. Sleep-deprived mice were spontaneously awake during most of
the dark phase and then maintained awake during the light period for
4-8 h (depending on the experiment) by exposure to novel objects.
During this period, mice had continuous access to a running wheel.

Immunocytochemistry. Mice were deeply anesthetized with isoflurane
(1-1.5% volume) and perfused transcardially with a flush (~30 s) of
saline followed by 4% paraformaldehyde in phosphate buffer (PB).
Brains were removed, postfixed in the same fixative for 2 h (overnight for
PDGFRa), and cut on a Vibratome in 50 uwm coronal sections, which
were collected in PB in serial groups of 5 and then used for immunocy-
tochemistry. Sections were rinsed in a blocking solution (normal goat
serum [NGS] 1.5% and 0.3% Triton X-100 for CNP, NGS 5%, and 0.1%
Triton X-100 for Neun, GFAP, and PDGFRa) for 1 h, and then incubated
overnight (4°C) in the same blocking solution containing anti-GFP (1:
500, Invitrogen, A21311) and one of the following primary antibodies
(anti-CNP, 1:200, Millipore, MAB326; anti-NeuN, 1:200, Millipore,
MAB377; anti-GFAP, 1:500, Sigma, G3893; anti-PDGFRe, 1:500, Santa
Cruz Biotechnology, sc-338). Sections were then exposed for 1.5 h to
NGS (1.5%) solution containing a mixture of AlexaFluor-568 (1:250,
Invitrogen) and AlexaFluor-488 (1:250, Invitrogen) conjugated second-
ary antibodies. Sections were washed, mounted, air-dried, and cover-
slipped using Vectashield mounting medium (H-1000; Vector), and
examined with a confocal microscope (Prairie Technologies). Control
experiments with single-labeled sections and sections incubated with two
primary antibodies and one secondary antibody or with one primary and
two secondary antibodies revealed neither bleed-through nor cross-
reactivity. For O4 experiments, brains were immediately cut after perfu-
sion and sections were quickly rinsed with a blocking solution containing
the primary antibodies (anti-O4, 1:100, Millipore, MAB345 and anti-NG2,
1:1000, a gift from Dr. W. Stallcup, The Burnham Institute, La Jolla, CA).
Triton X-100 was omitted because of the lipid composition of the O4 anti-
gen, and anti-NG2 was used in substitution of anti-PDGFRa to identify
OPCs (Dawson et al., 2003) because immunostaining with anti-PDGFRa
was suboptimal in weakly fixed sections and in absence of Triton X-100.
Microscopic fields were randomly selected as 512 X 512 pixel images (pixel
size, 581 nm) and observed with a UPlan FL N X40 objective (numerical
aperture, 1.3). To improve signal/noise ratio, 4 frames of each image were
averaged. For eGFP and CNP/GFAP/NeuN/PDGFRa double-staining stud-
ies, fields were taken from frontal neocortex (n = 3 mice, 3 sections/mouse).
For PDGFRa cell counting, sections were collected from 4 groups of ani-
mals: ~6 h of sleep (S, n = 6), 6 h of sleep deprivation (SD, n = 6), ~6 h of
spontaneous wake (W, n = 6), and 6 h of recovery sleep after 6 h of sleep
deprivation (RS, nn = 6). For O4 cell counting, sections were collected from
sleeping (1 = 6) and sleep-deprived (n = 5) mice. For both PDGFRa and
047 cells counting, fields were taken from frontal neocortex (layers V-VI, 3
sections/mouse). Image processing and cell-counting was performed on Im-
ageJ and Photoshop CS2 (Adobe Systems).

Western blotting. Under anesthesia sleeping and sleep-deprived mice
(12 S and 12 SD, 3 independent experiments, 4 S and 4 SD/experiment)
were decapitated, and the forebrain region (cortex + basal ganglia +
thalamus + hypothalamus) was quickly collected, immediately frozen on
dry ice, and stored at —80°C. Samples were homogenized in ice-cold
homogenization buffer (10 mm HEPES, Sigma/1.0 mm EDTA, Promega/
2.0 mm EGTA, Bioston BioProducts/0.5 mm DTT, Invitrogen/0.1 mm
PMSF, Fluka/Protease Inhibitor Cocktail, Roche/100 nm microcystin,
Alexis) using a glass/glass tissue homogenizer (Knots). A fraction
(~10%) of the homogenate from each sample was boiled in 10% SDS for
10 min and stored unprocessed at —80°C. Protein concentration was
determined by the bicinchonic acid assay (Pierce). Because the expres-
sion of housekeeping proteins, such as actin and tubulin, is affected by
sleep and wake (Cirelli et al., 2004; Mackiewicz et al., 2007; Mongrain et
al., 2010), a loading control was not used. Instead, homogenates from S
and SD animals were loaded onto the same gels in 3—6 replicates, and
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experiments were repeated 3 times using three completely independent
groups of animals. Equal amounts (15 ug) of homogenate from each
animal were first separated by Tris-HCI gel electrophoresis (Bio-Rad) in
1X Tris/glycine/SDS buffer (Bio-Rad), transferred to 0.45 wm pore size
nitrocellulose membranes (Bio-Rad) in 1X Tris base/glycine/methanol
blotting buffer, and immunoblotted with anti-PDGFRa (1:500, Santa
Cruz Biotechnology, sc-338) antibody. All blots were first blocked for 1 h
at room temperature (RT) in freshly prepared 3% nonfat dry milk in 1X
TBS with 0.05% Tween 20 (TBST-MLK), incubated with the primary
antibody overnight with agitation at 4°C, washed in 1 X TBS with 0.05%
Tween 20, and then incubated with the secondary antibody 1:3000
(horseradish peroxidase-conjugated goat anti-rabbit, Millipore;12—348)
for 1 h with agitation at RT in TBST-MLK. After washes (2 X in TBST,
4 X in ddH,0), the immunoreactive bands were visualized using en-
hanced chemiluminescence (ECL-Prime, GE Healthcare) and captured
by the Typhoon 9410 Variable Mode Imager (GE Healthcare). ECL signal
intensities were quantified using the ImageQuant software (GE Health-
care). Optical densities were calculated for each band of interest after
performing background correction (by subtracting the value of a band
immediately above the band of interest in the same lane). The linear
range for each antibody was determined using a 5 point dilution series of
homogenate before running the experimental samples.

Translating ribosome affinity purification and RNA extraction. The pro-
tocol was essentially as described previously (Doyle et al., 2008; Heiman
et al., 2008), with some modifications. Under anesthesia, S, SD, and W
mice (n = 6/group) were decapitated and the forebrain region was
quickly dissected. Tissue was placed in 2 ml of chilled lysis buffer (20 mm
HEPES KOH, 5 mm MgCl,, 150 mm KCl, 0.5 mm DTT, 100 pg/ml cyclo-
heximide, protease inhibitors, 20 ul Rnasin, 20 ul Superasin) and ho-
mogenized with a Teflon-glass homogenizer. A postnuclear supernatant
was prepared by centrifugation at 4°C for 10 min at 2000 X g. NP-40 (1%
final) and DHPC (30 mw final) were added to the supernatant, mixed by
gentle inversion, and incubated on ice for 5 min. A postmitochondrial
supernatant was prepared by centrifugation at 4°C for 10 min at 20,000 X
g. Antibody-bound beads were prepared by incubation of Streptavidin
MyOne T1 Dynabeads (Invitrogen) with biotinylated Protein L (Fisher
Pierce) for 35 min at RT in 1X PBS using gentle end-over-end rotation.
Protein L-coated beads were collected on the DynaMag-2 magnet (Invit-
rogen) and washed 5 X with 1X PBS containing 3% (w/v) IgG, Protease-
free BSA (Jackson ImmunoResearch Laboratories). Antibody binding
was performed in 0.15 M KCl buffer (20 mm HEPES-KOH, 5 mm MgCl,,
150 mm KCl, 1% NP-40, 0.5 mm DTT, and 100 pg/ml cycloheximide) for
1 h at RT using gentle end-over-end rotation with 50 ug each of two
monoclonal anti-GFP antibodies (19C8 and 19F7, Memorial Sloan-
Kettering Cancer Center Monoclonal Antibody Core Facility). After an-
tibody binding, beads were washed and resuspended in 0.15 M KCl buffer.
The postmitochondrial supernatant was combined with the GFP
antibody-coated beads and incubated overnight with gentle end-over-
end rotation at 4°C. Beads were then collected with the magnet and
washed 4X in high-salt polysome wash buffer (20 mm HEPES-KOH, 5
mm MgCl,, 350 mm KCl, 1% NP-40, 0.5 mm DTT, and 100 ug/ml cyclo-
heximide). After washes, beads were collected, resuspended, and vor-
texed in 100 wl lysis buffer with B-mercaptoethanol from the Absolutely
RNA Nanoprep kit (Agilent), and incubated for 10 min at RT. This RNA,
which represents the mRNA immunoprecipitated from the targeted cell
type (immunoprecipitated sample [IP] fraction), was then removed
from the beads with the magnet and purified following the Nanoprep
protocol, including on column DNase digestion. The RNA from the
supernatant (unbound fraction [UB]) was isolated using the RNeasy
Mini kit (QIAGEN). RNA levels in IP and UB samples were assessed by a
Qubit Fluorometer (Invitrogen) with the Quant-iT RNA assay kit (Invit-
rogen, Q32852), and the quality of the RNA was assessed using the Agi-
lent 2100 Bioanalyzer (Agilent).

Quantitative PCR. cDNA was synthesized from 7.5 ng of RNA from each
IP and UB sample isolated from each individual animal with SuperScript
VILO cDNA synthesis kit (Invitrogen, 11754-050) and diluted fourfold.
Real-Time PCR was performed using the ABI 7300 Real-Time PCR System
(in triplicate) following the manufacturer’s standard protocol, with SYBR
Green PCR Master Mix (Applied Biosystems, 4309155) in a final volume of
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25 pl. Primers included the following: Gapdh forward 5'-CCAGAAGACT
GTGGATGGC-3'; Gapdh reverse, 5'-TGAGCTTCCCGTTCAGCTC-3';
Mbp forward 5'- ATCCAAGTACCTGG CCACAG-3'; Mbp reverse 5'-CC
TGTCACCGCTAAAGAAGC-3'; Gfap forward, 5'-GTAAAGACTGTGGA
GATGCGGGATGGTGAGG-3";Gfapreverse5' -GTGCTGGTGTGGGTGG
GAACTGAG-3'; Sytl forward 5'-GGCACTCACCATT TTTGGTT-3'; Syt1
reverse5’-AGCTCCAGCAGAACATCTCG-3'; Pdgfraforward5’-ACCTTG
CACAATAACGGGAG-3'; Pdgfracreverse 5'-GAAGCCTTTCTCGTGGAC
AG-3"). Expression levels were calculated by the ddCT method via Applied
Biosystems software, using Gapdh as the normalizing gene and UB samples
as the calibrator.

Microarray: labeling, hybridization, and data analysis. For each IP and
UB sample (6 IP and 6 UB for each of the three experimental groups, S,
SD, and W), 5 ng of purified mRNA was amplified with the Ovation Pico
WTA system (NuGen, #3300). A total of 5 pug of amplified material was
then fragmented, biotin labeled with the Encore Biotin Module (Nugen,
#4200), hybridized to Affymetrix GeneChip Mouse Genome 430 2.0 ar-
rays (n = 36, one chip per mouse) following Affymetrix standard proto-
col, and scanned using the GC3000 7G scanner (Affymetrix). Statistical
analysis was performed using the Bioconductor Limma package (Smyth,
2004). For both IP and UB replicates, GeneChip Cel files were imported
into Bioconductor, data were converted to log, scale, and transcripts
called “absent” in all chips were not used for analysis. Data were normal-
ized within each behavioral state group using Robust Multiarray Average
(Irizarry et al., 2003). To obtain a measure of the enrichment for each
mRNA immunoprecipitated from the targeted cell type (IP) versus its
expression in the tissue sample dissected for the analysis (UB), and to
provide a list of enriched genes for the three behavioral states, IP and UB
samples were compared using the Welch’s ¢ test with Benjamini and
Hochberg FDR multiple-test correction, and the IP/UB ratio was calcu-
lated: probe sets with IP/UB ratio >2 and p < 0.01 were considered
enriched, whereas probe sets with IP/UB ratio <2 and p < 0.01 were
considered depleted. Next, to independently verify the validity of the
TRAP method, IP/UB ratios for 200 “top” genes previously found to be
enriched in oligodendrocytes (Cahoy et al., 2008) were calculated (see
Results). Finally, to identify transcripts that were differentially expressed
across behavioral states (“sleep” and “wake” genes, whether or not en-
riched in oligodendrocytes), IP samples were compared using the
Welch’s t test with Benjamini and Hochberg FDR multiple-test correc-
tion. All probe sets with fold change >30% and p < 0.01 were selected for
further analysis (see Results). The lists of sleep and wake genes were
submitted to the DAVID (Database for Annotation, Visualization and
Integrated Discovery) bioinformatics database for functional annotation
(http://david.abcc.nciferf.gov/) (Huang da et al., 2009). The background
list used in the program included all the genes assigned to Affymetrix
GeneChip Mouse Genome 430 2.0 arrays. The enrichment score was
determined through DAVID and represents the geometric mean (in
—log scale) of member’s modified Fisher Exact p values associated with
each annotation term inside each cluster. The gene ontology terms were
gathered based on the known annotation of the submitted genes with
respect to biological process. In subsequent analyses, lists of genes known
to be specific for OPCs, preoligodendrocytes, and mature oligodendro-
cytes (Cahoy et al., 2008) were also used as background. Array raw data
and expression data are available at NCBI GEO database (GSE48369).

BrdU studies. To determine whether sleep affects OPC proliferation,
mice were given an intraperitoneal injection of BrdU (300 ug/g body
weight, dissolved in saline) at 8 P.M. (W group, n = 6), at 8:00 A.M. (S
and SD groups, n = 6 group). In a follow-up experiment, to determine
the effects of specific sleep stages on OPC proliferation, 10 additional
mice were implanted with EEG electrodes as described above, except that
frontal and parietal screws were simply apposed on top of the skull after
partial skull thinning; drilling was intermittent and a cold sterile solution
was periodically applied to the skull to reduce heat-induce cortical dam-
age. This was done to minimize the risk of cortical inflammation, which
can influence subsequent cell counting. All animals were killed after ~8 h
from the injection to ensure that they were exposed to BrdU for a com-
parable amount of time. After perfusion (see above), brains were re-
moved, postfixed overnight in the same fixative, and cut on a Vibratome
in 40 um coronal sections, which were collected in PB in serial groups of
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5 and then used for immunocytochemistry. Frontal cortex sections (n =
3/mouse) were pretreated with HCI 2N at 37°C for 30 min, washed 3 X in
PB, pH 7.4, rinsed in a blocking solution (NGS 5%, 0.1% Triton X-100)
for 1h, and then incubated overnight (4°C) in the same blocking solution
containing a mixture of anti-PDGFRa (1:500, Santa Cruz Biotechnology;
sc-338) and anti-BrdU (1:1000, Serotec; OBT0030G). All sections were
then exposed for 1.5 h to a solution (NGS 5%, 0.1% Triton X-100)
containing a mixture of AlexaFluor-568 (1:250) and AlexaFluor-488 (1:
250) conjugated secondary antibodies. Sections were washed and exam-
ined with a confocal microscope. Control experiments were performed
as above. The entire frontal cortex was viewed under a Lump Plan FI X20
objective (numerical aperture 0.95) and nuclei that had incorporated BrdU
were counted (BrdU ™). Only nuclei displaying a uniform staining were
counted and pial-positive cells were not included in the analysis. Every
BrdU™ cell was also scored for PDGFRa expression. All BrdU */
PDGFRFa " cells were counted. Image processing and cell counting were
performed on ImageJ and Photoshop CS2 (Adobe Systems). For the EEG
group, staging and EEG data analysis were done as described above.

Results

To confirm the specific expression of CNP in oligodendrocytes,
the brains of three adult heterozygous CNP-eGFP-L10a BAC
transgenic mice were processed for immunocytochemistry using
antibodies against enhanced green fluorescent protein (eGFP),
CNP, a neuronal marker (anti-NeuN), and an astrocytic marker
(anti-GFAP). eGFP ™ cells were widespread in all brain regions
and more numerous in white matter than in gray matter (Fig.
1A). In line with published data (Cahoy et al., 2008; Doyle et al.,
2008; Dougherty et al., 2010), eGFP staining was only present in
CNP ™ cells, but not in NeuN " or GFAP ™ cells (Fig. 1B-D). To
ensure consistency during dissection of the brain samples, and to
include fiber-rich areas, TRAP microarray studies were per-
formed on the entire forebrain region.

Sleep/wake pattern and response to sleep deprivation in CNP-
eGFP-L10a mice

Before assessing the effects of sleep and wake on oligodendrocyte
gene expression, we tested whether CNP-eGFP-L10a mice show a

CNP-eGFP expression is specific for oligodendrocytes. A, (NP-eGFP ™ cell distribution in frontal cortex and white
matter (WM). Roman numerals indicate cortical layers. Scale bar, 45 wm. B, Double-labeling studies showing colocalization
(arrows) of CNP-eGFP (green) and the oligodendrocyte marker CNP (red). €, D, Double-labeling studies showing the absence of
colocalization between CNP-eGFP (green) and the astrocytic marker GFAP (red) or the neuronal marker NeuN (red). B-D, Scale bar,
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normal sleep/wake cycle. Five adult mice
were implanted with chronic EEG elec-
trodes and recorded continuously for sev-
eral days in undisturbed conditions
(baseline), as well as during and after sleep
deprivation. Amount and daily distribu-
tion of NREM sleep, REM sleep, and wake
were within the range published for most
mouse lines (e.g., Franken et al., 1999;
Huber et al., 2000; Vyazovskiy et al., 2004;
Douglas et al., 2007). Specifically, CNP-
eGFP-L10a mice showed robust entrain-
ment to the light-dark cycle, sleeping
mainly during the light phase and staying
awake most of the night, as expected for
nocturnal animals. NREM sleep, charac-
terized by large EEG slow waves (Fig. 2A),
accounted for 34.4 * 1.4% of the 24 h
cycle (Fig. 2B; 50.2 = 1.4% in 12 h light
period). REM sleep, whose low voltage
EEG pattern strongly resembles that of
wake (Fig. 2A), occupied 5.9 = 0.3% of
the 24 h cycle (Fig. 2B; 9.4 = 0.4% of the
light period). As expected, NREM sleep
was more abundant in the first part of the
light phase relative to the second part,
whereas an opposite trend was observed
for REM sleep (Fig. 2B). Other sleep pa-
rameters, such as mean duration of NREM and REM episodes
and number of brief arousals, were also within the normal range.
EEG power spectra (0.5-20 Hz) showed the expected prominent
peak of low frequencies during NREM sleep, and a peak in the 6
frequency range (5-8 Hz) in REM sleep (Fig. 2C).

NREM slow-wave activity (SWA) is defined as the EEG power
in the low-frequency range (0.5—-4 Hz) during NREM sleep. In
mammals and birds, SWA is a reliable marker of sleep homeosta-
sis, as it increases with time spent awake and declines in the
course of sleep (Vyazovskiy et al., 2011). As expected, in CNP-
eGFP-L10a mice, SWA during baseline peaked at the beginning
of the light phase, declined across the day, and was high again in
the first hour of consolidated sleep at night, after the extended
spontaneous wake period that typically occurs at the light/
dark transition (Fig. 2D, top). To further probe sleep regula-
tion, mice were kept awake during the first 4 h of the light
period and allowed to recover afterward. Sleep deprivation
was successful: time spent in NREM sleep during deprivation
was <2% in all animals, and REM sleep never occurred. In the
first 2 h after sleep deprivation, NREM sleep duration was
significantly increased compared with baseline (Fig. 2E),
whereas duration of REM sleep and total sleep did not change
significantly (data not shown). SWA during the first hour of
recovery sleep was increased relative to SWA at the beginning
of the baseline light period in both frontal (Fig. 2D, bottom, F)
and parietal cortex (data not shown). Overall, these results
show that sleep patterns and mechanisms of sleep regulation
in CNP-eGFP-L10a mice are normal.

Quality controls for TRAP microarray data

After confirming the successful purification of 185 and 285 rRNA
from all CNP-eGFP-L10a mice (data not shown), we determined
whether TRAP accurately enriched for oligodendrocyte-specific
genes using two methods. First, in each oligodendrocyte, IP and
UB from every mouse in the S, SD, and W group, we performed
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Sleep/wake pattern and response to sleep deprivation in CNP-eGFP-L10a mice. A, Representative EEG recordings (frontal cortex) of a CNP-eGFP-L10a mouse during wake, NREM sleep,

and REM sleep. B, Twenty-four hour sleep and wake patterns. In this and the next panels, white and black bars indicate the light and dark period, respectively. Values are mean = SEM. C, Twenty-four
hourwake, NREM sleep, and REM sleep EEG power density spectra (0 —20 Hz) in CNP-eGFP-L10a mice (0.25 Hz frequency bin). D, Hypnogram, SWA time course, and motion activity in a representative
CNP-eGFP-L10a mouse during baseline (BSL, top) and after 4 h of sleep deprivation (SD, bottom). E, F, Twenty-four hour time course of NREM duration and SWA for BSL and SD. *p << 0.05, significant

increase during the first 2 h of recovery sleep after SD relative to BSL (paired ¢ test).

qPCR for the genes coding for the oligodendrocyte marker MBP,
the astrocytic marker GFAP, and the neuronal marker SYT1. In
all animals, MBP expression was markedly higher in the IP sam-
ple relative to the UB sample, whereas the opposite was true for
the other two markers (F(, 5y = 96.03; p < 0.0001). These
changes were consistent across the three experimental groups
(F215 = 0.21; p = 0.27), suggesting that enrichment was com-
parable across S, SD, and W mice (Fig. 3A). Next, we examined
the TRAP microarray data and calculated the IP/UB ratio for the
200 “top” genes previously identified as enriched in oligodendro-
cytes (positive controls), neurons (negative controls), or astro-
cytes (negative controls) (Cahoy et al., 2008). The great majority
of probe sets for neuronal and astrocytic RNAs were enriched in
all UB samples, whereas most oligodendrocyte-specific RNAs
were enriched in all IP samples (Fig. 3B, left column). Thus,
TRAP consistently enriched for oligodendrocyte-specific genes
in all our samples.

Although CNP is broadly considered a marker of mature oli-
godendrocytes, it is also expressed at much lower levels in earlier
stages of oligodendrocyte maturation (Yu et al., 1994; Belachew
etal., 2003; Dawson et al., 2003; Aguirre et al., 2004; Jackson et al.,
2006). Thus, we also calculated separately the IP/UB ratio for the
top 500 genes previously identified as specific for OPCs, premy-
elinating oligodendrocytes, and mature oligodendrocytes (Ca-
hoy et al., 2008). The great majority of the probe sets specific for
OPC mRNAs resulted enriched in all UB samples relative to all IP
samples, whereas the opposite was true for the genes specific for
mature oligodendrocytes, most of which were enriched in the IP
samples (Fig. 3B). By contrast, approximately half of the top 500
genes specific for premyelinating oligodendrocytes were enriched
in the IP samples (Fig. 3B). Thus, these experiments showed that,
as expected based on the known pattern of expression of CNP,

our IP samples were not strictly specific for mature oligodendro-
cytes but contained a detectable amount of mRNAs belonging to
cells of the same lineage but at an earlier stage of development. To
confirm these results, we assessed the percentage of colocaliza-
tion of the eGFP ™ cells with PDGFRa, a marker of OPCs, O4, a
marker of preoligodendrocytes, and CNP (Dawson et al., 2003;
Nishiyama et al., 2009). We found that 2.9 = 0.47% of eGFP "
cells were OPCs, 12.17 *+ 1.24% were O4 " cells, and 80.24 =
11.22% were mature oligodendrocytes (Fig. 3C), confirming that
the expression of eGFP is mostly, but not exclusively, confined to
mature oligodendrocytes.

Next, because the cellular composition of the extracted pool
was not homogeneous and could differ across our samples, we
performed qPCR for the OPC marker Pdgfra in each IP sample
and UB sample from every S, SD, and W mouse. In all animals,
Pdgfra expression was higher in the UB sample relative to the IP
sample, and consistently so across all behavioral states (F, ;5 =
0.15; p = 0.87; Fig. 3D). We also looked at the expression of Cnp
as assessed by the 3 probe sets for Cnp present in the microarrays
and found that among the IP samples none showed significant
changes across the three experimental groups (average log, inten-
sity values of 3 probe sets: S = 14.2 = 0.06, W = 14.1 = 0.12,
SD = 14.2 + 0.04). Finally, we counted the number of eGFP *
cells that expressed PDGFRa or CNP in a separate group of S and
SD mice not used for the microarray study (n = 3 mice/group).
Quantitative analysis showed no significant differences between
experimental groups (PDGFRa, S = 2.8 * 0.34%, SD = 2.77 =
0.23%; CNP, S = 84.2 * 10.46%, SD = 85.1 = 2.87%; Fig. 3E).
Thus, we conclude that the relative proportion of OPCs and ma-
ture oligodendrocytes does not differ within the eGFP ™ popula-
tion used in our microarray experiments.
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mice (n = 3).

Oligodendrocyte genes affected by sleep and wake

To identify the specific effects of behavioral state on oligodendro-
cyte gene expression, we compared oligodendrocyte immuno-
precipitated samples (IP, 18 total) from all three experimental
groups (S, W, and SD, 6/group). All analyses were run on the
probe sets that were called “present” in at least one sample, which
represented ~73% of all probe sets (33,128 of 45,101), whether
or not they were enriched in IP samples relative to UB samples
(see Materials and Methods). This is because our goal was to
identify all sleep/wake-dependent genes expressed in oligoden-
drocytes, independent of whether they were over-represented in
this cell type relative to neurons or astrocytes. Using a false dis-

covery rate of 1%, we found that 359 probe sets, representing 357
unique genes, were differentially expressed because of time of day
(3:00 A.M. vs 3:00 P.M.). Thus, the levels of 2.1% of all genes
expressed in oligodendrocytes changed because of circadian fac-
tors, independent of behavioral state, given that IP samples col-
lected at 3:00 A.M. came from spontaneously awake mice,
whereas samples collected at 3:00 P.M. came from both sleeping
and sleep-deprived animals. Conversely, 743 probe sets, repre-
senting 714 unique genes (2.1%), changed their expression be-
cause of the sleep/wake cycle independent of time of day. As in
previous work (Cirelli et al., 2004), “sleep” genes were defined as
those expressed at higher levels in the sleep group (67 h of sleep)
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relative to both wake groups (6—7 h of spontaneous wake, 4 h of
sleep deprivation), whereas “wake” genes were those with higher
expression in both spontaneous and forced wake than in sleep.
Because spontaneously awake mice were collected during the
dark period while sleep-deprived mice were kept awake in the
first part of the light phase, sleep and wake genes as defined here
reflect changes resulting from behavioral state, without con-
founding effects resulting from time of day or exposure to light.
Moreover, because to be defined as “wake” a gene needed to be
higher in both spontaneously awake and sleep-deprived animals,
confounding effects resulting from the sleep deprivation proce-
dure, including stress, were controlled for. We identified 310
sleep genes (0.9%) and 404 wake genes (1.2%), and an extensive
analysis of the literature suggested that they belonged to distinct
categories. To confirm this, a statistical approach using gene an-
notation enrichment analysis (DAVID) was performed to eluci-
date the biological processes associated with sleep and wake. To
assess the extent to which a given gene set is over-represented in a
gene population background, we used the group enrichment
score, which is calculated through DAVID and ranks the signifi-
cance of each annotation cluster based on relatedness of the an-
notation terms and the genes associated with them (Fig. 4A). We
found that in sleep there was an over-representation of genes that
are involved in lipid metabolism, including phospholipid synthe-
sis and myelination (Dgat2, Cdsl, Elovl7, Chka, Opalin, Qk, and
Pllp), are associated with axon repulsive guidance (Sema4b,
Sema6a, Tmodl, and Slitrk6), and promote cell proliferation
(Yapl, Nrg2, Rbn3, Mxd3, and Hydin). The functional categories
enriched during wake, instead, included those involved in apo-
ptosis and cellular stress response (Acinl, Beatl, Otud7b, Nr4al,
Hipl, HSPE1, HSP90aal, Irf8, and Traf6 ), as well as in cell differ-
entiation and development (Crebl, YY1, Hipkl, Bambi, Gli2,
Msi2, Sox17, and Fgfl).

Next, we performed three additional, more focused, cluster-
ing analyses, one for each of the three lists of genes preferentially
expressed in OPCs, premyelinating oligodendrocytes, and ma-
ture oligodendrocytes (Cahoy et al., 2008). As expected, a com-
parison of the functional gene categories across cell types showed
that many OPCs genes are involved in cell development, whereas
many genes expressed at later stages of maturation are involved in
lipid synthesis, cell signaling, and cytoskeleton modifications.
Importantly, among the functional categories of OPC-enriched
genes, those associated with developmental processes, including
cell proliferation and growth, were over-represented in sleep,
whereas those associated with cellular stress, metabolism, and cell
differentiation were over-represented in wake (Fig. 4B). At later
developmental stages (premyelinating oligodendrocytes and oli-
godendrocytes), genes associated with lipid metabolism were
over-represented in sleep, whereas genes involved in apoptosis,
cell differentiation, and cytoskeleton were over-represented in
wake (Fig. 4B).

Effect of sleep and wake on the proliferation rate of OPCs

The microarray results suggested that at all developmental stages
wake genes are preferentially involved in the cellular stress re-
sponse and cell differentiation, whereas many sleep genes are
involved in cell proliferation in immature oligodendrocytes, and
in lipid metabolism in more mature cells. We therefore asked
whether the number of OPCs and their turnover might be af-
fected by behavioral state. To assess the rate of OPC proliferation
across the sleep/wake cycle, we collected three additional groups
of mice according to sleep/wake criteria similar to those used for
the microarray study (~8 h of S, SD, or W; n = 6/group). Mice
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were injected with BrdU, a synthetic nucleoside that is incorpo-
rated into the newly synthesized DNA of replicating cells. BrdU
was injected at the beginning of the light period in the S and SD
groups and at the beginning of the dark period in the W group.
All mice were killed ~8 h after the injection after having spent
most of the time either asleep or awake (S 8.8 = 0.8 h, W 8.1 =
0.5h, SD 84 = 0.8 h, F, 5y = 2, p = 0.2), to ensure equal
exposure to BrdU in all animals. Quantitative analysis of BrdU
staining showed a larger number of BrdU */PDGFRa * cells in S
(3.28 % 0.73 cells/mm?, one-way ANOVA: F, ;5 = 16.8, p <
0.0001) compared with both W (1.68 *+ 0.35 cells/mm?, p <
0.001) and SD (1.76 *+ 0.46 cells/mm?, p < 0.001; Fig. 5A). Be-
cause the number of BrdU"/ PDGFRa ™ cells after sleep was
increased to a similar extent relative to both spontaneous wake at
night and forced wake during the day, possible confounding ef-
fects resulting from circadian time and/or stress related to sleep
deprivation could be ruled out.

Using another approach to assess the effects of sleep and wake
on OPC proliferation, we measured the number of closely ap-
posed pairs of cells or “doublets” in the frontal cortex of four
additional experimental groups (6 mice/group), including three
groups collected according to the sleep/wake criteria used for the
BrdU study (~6-7 h of S, SD, or W), as well as a fourth group of
mice collected after 6 h of recovery sleep after 6 h of sleep depri-
vation (RS). “Doublets” (Fig. 5B, example in the small frame)
likely represent cells in division (Mallon et al., 2002). Thus, we
estimated the number of PDGFRa " cells forming a doublet in
the four experimental groups. We found that the occurrence of
doublets differed depending on behavioral state (F; 55, = 14.24;
p < 0.00015 S 6.5 = 1.4 cells/mm? SD 2.2 = 1.1 cells/mm?* W
4.1 = 1.4 cells/mm?; RS 9.7 * 3.1 cells/mm ?; Fig. 5B). In general,
mice that had been asleep (S and RS groups) showed an increased
number of doublets relative to mice that spent a similar amount
of time spontaneously awake (RS vs W, p < 0.01) or were sleep-
deprived (S vs SD, p < 0.01; RS vs SD, p < 0.001). Of note, the
highest number of doublets was observed in the RS group, sug-
gesting a rebound of OPC proliferation after sleep deprivation
(Fig. 5B).

Finally, given the possible promoting role of sleep in OPC
proliferation, we then tested the relative impact of NREM and
REM sleep in an additional group of 10 animals implanted for
chronic EEG recordings. Mice were injected with BrdU at the
beginning of the light period, and brains were collected 8 h later,
after the animals spent on average 60 * 5.9% of time asleep
(NREM, 51.3 = 5.3%; REM, 8.7 £ 1.3%). Quantitative analysis
of BrdU staining revealed that the number of BrdU */PDGFRa ™
cells was positively correlated with the time spent in REM sleep
(r=0.79, p = 0.007; Fig. 5C), and a positive, albeit not signifi-
cant, trend was also found with total time spent asleep (r = 0.21).
By contrast, no correlation was found between the number of
BrdU */PDGFRa * cells and either the time spent in NREM sleep
(r=0.1), SWA (r = —0.16), or SWE (slow-wave energy: SWA X
time, r = —0.1) (data not shown).

These results show that OPC proliferation is higher after sleep
than after a period without sleep. This difference could be due to
the fact that cell proliferation is positively affected by sleep and/or
is negatively impacted by the absence of sleep. In the second case,
however, one would expect decreased OPC turnover after sleep
deprivation, but similar turnover after sleep and spontaneous
wake. We found, instead, that the rate of OPC proliferation was
higher in sleep also relative to spontaneous wake, suggesting that
sleep may have direct, positive effects on cell proliferation.
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Effect of sleep and wake on the number of OPCs

We next measured whether sleep and wake affect not only the
proliferation rate of OPCs but also their absolute number. Be-
cause PDGFRa is a reliable marker of OPCs (Dawson et al., 2003;
Nishiyama et al., 2009), we counted the number of PDGFRa ™
cells in the frontal cortex of mice from the same four experimen-
tal groups used for the doublet analysis (S, SD, W, RS). Statistical
analysis highlighted a general effect of behavioral state (F; ,3) =
4.36; p = 0.016; S 124.1 = 8.5 cells/mm? SD 108.8 = 4.8 cells/
mm?% W 114.5 = 10.9 cells/mm?; RS 117.6 = 11.8 cells/mm?),
and post hoc comparisons showed a significant increase of
PDGFRa ™ cells in the S group relative to the SD group (p < 0.05;
Fig. 5D). The comparisons S versus W and RS versus SD also
showed a trend in the same direction, although they did not reach
significance (Fig. 5D). Again, because sleeping and sleep-
deprived mice were collected at the same time of day, circadian
factors cannot account for these findings.

We also measured the overall expression of PDGFRa in the
entire forebrain after 6 h of sleep relative to 6 h of sleep depriva-
tion. Western blot analysis on forebrain homogenates obtained
from three independent experiments (4 S mice, 4 SD mice/exper-
iment) showed an increase of PDGFRa« protein levels in S com-
pared with SD (20.5 £ 5.6%, p = 0.004; Fig. 5E), consistent with
the higher number of PDGFRa " cells in the frontal cortex after
several hours of sleep (Fig. 5D).

Effects of sleep and wake on OPC differentiation

Our results show that, on average, the number of OPCs is ~10—
15% higher when measured after several hours of sleep than after
a similar time spent awake. Previous studies have reported that in
the adult brain OPCs have a cell cycle time of 20—40 d (Psachou-
lia et al., 2009; Simon et al., 2011), and their overall number does
not change (Dawson et al., 2003; Rivers et al., 2008; Psachoulia et
al., 2009). Thus, one has to assume that, within the 24 h cycle, the
“wave” of OPC proliferation that occurs during the major sleep
phase (the day in mice), is followed either by cell death and/or by
a “wave” of cell differentiation, which would normally occur dur-
ing the major wake phase (the night in mice). Both these hypoth-
eses would be consistent with our TRAP array data, which
indicated that genes involved in apoptosis and cell differentiation
are expressed at higher levels in premyelinating oligodendrocytes
of awake mice. Previous experiments, however, found that OPCs
undergo very little programmed cell death in the normal adult
brain (Dawson et al., 2003). Moreover, another study that used
the TUNEL and fluoro-Jade techniques to measure the number
of apoptotic cells found very little, if any, evidence for cell death in
any brain region even after prolonged (several days) sleep depri-
vation (Cirelli et al., 1999). Thus, although the focus of that study
was not on glial cells, we reasoned that an increased rate of cell
differentiation was more likely to account for the fact that OPC
number may increase after a few hours of sleep (this study) and
yet remain constant across days (Dawson et al., 2003; Rivers et al.,
2008; Psachoulia et al., 2009). To test this hypothesis, we collected
two additional groups of S (n = 6) and SD (n = 5) mice and
counted the number of O4 " cells in frontal cortex. The pheno-
type marker O4 is a sulfatide preferentially expressed on the sur-
face of preoligodendrocytes (Nishiyama et al., 2009; Girolamo et
al., 2011). To simultaneously verify the effect of sleep and sleep
loss on OPC density, we quantified the number of OPCs/mm? in
the same sections. Quantitative analysis confirmed that OPC
density was higher after sleep than after sleep deprivation (S
119.5 + 10.8 cells/mm? SD 103 *+ 11.2 cells/mm?, p = 0.036,
data not shown). By contrast, the number of 04" cells was sig-
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nificantly higher after sleep deprivation (91.4 = 8.1 cells/mm?)
than after sleep (79.1 = 5 cells/mm?, p = 0.012, Fig. 5F). The
small number of OPCs coexpressing the marker O4 did not differ
between S and SD (S 9.4 = 7.1 cellsymm?; SD 9 = 6 cells/mm?,
p = 0.93, data not shown). Overall, these results suggest that,
although the total number of OPCs does not change in an adult
brain, their turnover is affected by sleep and wake, such that
OPCs proliferate preferentially during the light phase, which
mice spend mostly asleep, and then tend to differentiate at night,
when mice are awake.

Discussion

Hundreds of transcripts change their expression across behav-
ioral states in rats, mice, sparrows, and flies (Cirelli and Tononi,
2000; Terao et al., 2003a, 2003b, 2006; Cirelli et al., 2004, 2005,
2006; Zimmerman et al., 2006; Conti et al., 2007; Mackiewicz et
al., 2007; Maret et al., 2007; Jones et al., 2008; Seugnet et al., 2009;
Winrow et al., 2009; Mongrain et al., 2010; Thompson et al.,
2010; Vecsey et al., 2012). These transcriptomic studies have pro-
vided clues about sleep functions (Tononi and Cirelli, 2006;
Mackiewicz et al., 2007; Maret et al., 2007), but until now sleep/
wake effects on specific cell types had remained unknown. Here
we found that the expression of >2% of all transcripts being
translated in oligodendrocytes changes in relation to behavioral
state, independent of time of day, light exposure, or stimulation
resulting from the sleep deprivation procedure. Moreover, we
found that sleep and wake favor different, often complementary,
cellular functions in oligodendrocytes and that some of these
functions vary depending on the oligodendrocyte developmental
stage.

In both mature and premature oligodendrocytes, wake is as-
sociated with higher mRNA levels of genes involved in apoptosis
and cellular stress response (Acinl, Beatl, Otud7b, Nr4al, Hip1,
Irf8, Traf6, HSPEI, and HSP90aal). Traf6 mediates apoptotic
signal transduction from members of the TNF receptor super-
family (Geetha et al., 2005) and TNF« can cause toxicity and
death of oligodendrocytes (Selmaj and Raine, 1988; Jurewicz et
al., 2005). The induction of stress response and apoptotic genes
during wake is most likely not unique to oligodendrocytes, as it
was a consistent finding in previous transcriptomic studies. Oli-
godendrocytes, however, are among the metabolically most ac-
tive cells in the brain, with high rates of synthetic activity required
to produce and maintain vast amounts of myelin (Richter-
Landsberg, 2000), and may be especially vulnerable to cellular
stress. Previous studies found no evidence of substantial cell
death even after prolonged sleep deprivation (Cirelli et al., 1999),
but the methods used, such as TUNEL staining, only detect the
last phase of apoptosis, and the focus of those studies was on
neurons. Future studies should test whether sleep loss may spe-
cifically impair myelin formation and/or maintenance.

Other wake genes regulate cell differentiation (Crebl, YY1,
Hipkl, Bambi, Gli2, Msi2, Sox17, and FgfI) and have been studied
in OPCs. YYI is an essential component of the transcriptional
network regulating the transition of OPCs from cell cycle exit to
differentiation (He et al., 2007), and high levels of HipkI force
progenitors cells residing within the subventricular zone to dif-
ferentiate (Marinaro et al., 2012). Likewise, Sox 17, a transcrip-
tion factor interacting with the wnt signaling, is increased during
OPC differentiation and its inhibition arrests cell-cycle exit
(Sohn et al., 2006).

In mature oligodendrocytes, sleep is mostly associated with
higher expression of genes coding for phospholipid synthesis and
myelination (Dgat2, Cdsl, Elovl7, Chka, Opalin, Qk, and Pllp),
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confirming previous studies on whole cortical samples (Cirelli et
al., 2004; Mongrain et al., 2010). The fact that several genes in-
volved in phospholipid synthesis are preferentially transcribed in
sleep is interesting in light of a recent study that used liquid and
gas chromatography-mass spectrometry to measure changes in
cortical metabolites between controls and sleep-deprived mice
(Hinard etal., 2012). An unexpected, large increase in membrane
breakdown of phospholipids was observed after sleep depriva-
tion, suggesting that prolonged wake may negatively impact
membrane phospholipids (Hinard et al., 2012).

In premature oligodendrocytes, on the other hand, sleep is
associated with higher expression of genes promoting cell prolif-
eration. Among these genes, Yapl and Mxd3 interact with the
Sonic hedgehog signaling pathway implicated in OPC migration
and proliferation (Barisone et al., 2008; Fernandez et al., 2009),
and Nrg2, similar to Nrgl, interacts with the ErbB family of re-
ceptors, whose activation is essential for OPC proliferation
(Canoll et al., 1996; Carraway et al., 1997; Du and Dreyfus, 2002).

The promoting role of sleep in OPC proliferation, suggested
by microarray findings, was confirmed by counting the number
of BrdU */PDGFRa ™ cells and PDGFRa ™ cells forming dou-
blets. Similarly, the promoting role of wake in OPC differentia-
tion, also suggested by microarray findings, was confirmed by
counting the number of 04" cells. OPCs are intriguing cells.
They transform into myelinating oligodendrocytes during devel-
opment and in the mature CNS (Rivers et al., 2008), where they
are the main proliferating cell type and constitute ~ 5% of all cells
(Dawson et al., 2003). Because the overall number of OPCs in the
adult brain does not change (Dawson et al., 2003; Rivers et al.,
2008; Psachoulia et al., 2009), one could reasonably assume that
the rates of OPC proliferation and differentiation are constant
across the 24 h cycle and that the two processes are perfectly
matched at any given circadian time. We show here, however,
that this is not the case, at least in adult mice that tend to be asleep
during the day and awake during the night.

Hippocampal neurogenesis declines during chronic sleep de-
privation or sleep fragmentation (Guzman-Marin et al., 2003,
2007; Meerlo et al., 2009). OPCs, therefore, are not the only di-
viding cells in the adult brain whose proliferation benefits from
sleep, but they are certainly the largest group. Sleep deprivation
still impairs hippocampal neurogenesis in adrenalectomized rats,
and a stress-related elevation of glucocorticoids cannot fully ac-
count for the negative effects of sleep disruption (Meerlo et al.,
2009). This result is consistent with our finding that, relative to
sleep, OPC proliferation is reduced by half in both spontaneous
and forced wake. Also consistent with our finding is the fact that
the negative impact of sleep deprivation/disruption on hip-
pocampal cell proliferation can be explained by a reduction in
REM sleep, although a role for NREM fragmentation cannot be
excluded (Meerlo et al., 2009). Of note, hippocampal neurogen-
esis declines mostly after chronic (>1 d) sleep loss (Meerlo et al.,
2009), whereas just a few hours of sleep deprivation negatively
impacted OPC proliferation, suggesting that these cells may be
especially sensitive to sleep loss.

Sleep is classically considered a time of restoration, and brain
protein synthesis, as measured by leucine incorporation in rats
and monkeys, increases during NREM sleep (Ramm and Smith,
1990; Nakanishi et al., 1997). It could be, therefore, that the pos-
itive effects of sleep on OPC proliferation and hippocampal neu-
rogenesis reflect a generalized phenomenon whereby any cell
actively dividing in the brain does so more during sleep than
during wake. Recent evidence, however, suggests that this is not
the case because adult-born granule cells in the mouse olfactory
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bulb are preferentially eliminated during sleep, and the rate of
elimination is correlated with the amount of NREM sleep
(Yokoyama et al., 2011).

In agreement with our results, a recent study showed that
voluntary physical exercise inhibits OPC proliferation and en-
hances cell differentiation (Simon et al., 2011), suggesting that
the different levels of motor activity associated with sleep and
wake—all our mice had access to a running wheel—may account
for at least some of the observed effects. At the cellular level, the
mechanisms may be complex. OPCs in both gray and white mat-
ter can generate postsynaptic excitatory currents mediated by
AMPA receptors (Bergles et al., 2000), and neuron—-OPC syn-
apses can undergo long-term potentiation (Lin and Bergles,
2004). These synapses are thought to regulate OPC proliferation,
migration, and differentiation into oligodendrocytes (Mangin
and Gallo, 2011). As discussed in the Introduction, glutamatergic
transmission is higher in wake than in sleep and glutamate sig-
naling inhibits OPC proliferation and promotes their differenti-
ation (Gallo et al., 1996; Yuan et al., 1998; Cavaliere et al., 2012).
Thus, glutamate signaling initiated by neurons is one of the pos-
sible mechanisms underlying the sleep/wake effects on OPCs.
Other mechanisms are likely to play a role. Adenosine, whose
extracellular levels increase during wake and decline during sleep
(Porkka-Heiskanen and Kalinchuk, 2011), inhibits OPC prolif-
eration and stimulates their differentiation (Stevens et al., 2002).
Moreover, OPC proliferation and the ability to repair myelin
damage increase in pregnant mice because of increased prolactin
signaling (Gregg et al., 2007), consistent with the remission of
multiple sclerosis during pregnancy. In humans, plasma prolac-
tin levels are highest during sleep and lowest during wake
(Linkowski et al., 1998). Of note, in young subjects prolactin is
preferentially released during periods of high NREM slow-wave
activity (Spiegel et al., 1995), whereas in older adults prolactin
relase is positively correlated with REM sleep (Latta et al., 2005).
In rodents sleep/wake changes in prolactin secretion are less char-
acterized, but prolactin promotes REM sleep in animals (Obal et
al., 2005). Together, overall lower levels of glutamate and aden-
osine and higher levels of prolactin may contribute to the positive
effects of sleep on OPC proliferation and, ultimately, because
mature oligodendrocytes must come from OPCs division (Rich-
ardson etal., 2011), on the formation and maintenance of myelin.

Notes

Supplemental material for this article is available at http://tononi.
psychiatry.wisc.edu/pubs/ArrayOligoData.zip. This material has not
been peer reviewed.
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